C arbonic anhydrases (CA) catalyze the reversible hydration of CO 2 to HCO 3 − and H + . The catalytic pathway of CA occurs in two distinct and separate stages: the interconversion of CO 2 and HCO 3 − followed by the transfer of an H + to the bulk solution to regenerate the zinc-bound hydroxide. In this reaction, the second step has been shown to be rate limiting (1, 2) .
In carbonic anhydrase II (CAII; Protein DataBank ID: 1G0E), the fastest of the known α-CAs with a turnover number approaching 0.8 μs −1 , H + transfer between the zinc-bound water and the solvent surrounding the enzyme is facilitated by the side chain of His64 (Fig. 1A) , which shuttles H + between the bulk solvent and a network of well-ordered hydrogen-bonded water molecules in the enzyme's active-site cavity (3) . The importance of His64 for intramolecular H + shuttling and CAII catalytic activity has been demonstrated by a site-specific mutant in which His64 is replaced by alanine (CAII-H64A), which caused an ∼20-fold decrease in the H + transfer rate (1) . However, addition of exogenous H + donors/ acceptors, usually derivates of carnosine (β-analyl-L-histidine) or imidazole [e.g., 4-methylimadazole (4-MI)], can recover the activity of CAII-H64A almost fully to the wild-type level, whereas other buffers, such as Hepes or 3-(N-morpholino)propanesulfonic acid, cannot restore H + shuttling in CAII-H64A (1, 4) . Crystallographic studies revealed that the primary binding site for 4-MI within the CAII molecule is at the rim of the active-site cavity, where 4-MI π-stacks with the indole ring of Trp5 (5) . This binding site moves 4-MI close to the position of the imidazole ring of His64 in the "out" orientation within CAII (Fig. 1A ). H + shuttling by His64 is regulated by the side-chain orientation of the imidazole ring and its pK a value (6) . Furthermore, the H + transfer efficiency of His64 is fine-tuned by several hydrophilic residues (Tyr7, Asn62, and Asn67; Fig. 1A ) that contribute to the stabilization of the intervening water molecules within the active-site cavity and influence orientation and the pK a value of His64 (7) .
In contrast to the catalytically very active CAII, carbonic anhydrase III (CAIII; Protein DataBank ID: 1Z93), which is the least catalytically efficient of the α-CAs with a k cat around 3 ms
, does not possess a histidine at position 64 but instead has a lysine ( Fig. 1B ), which is an inefficient H + shuttle because it is too basic (8, 9) . Mutation of Lys64 to histidine (CAIII-K64H) leads to only a slight increase in capacity for H + transfer, with just 2.5% of the capacity of His64 in CAII (10) . The main reason for this reduced efficiency might be the constrained side chain confirmation of His64, which is oriented outward and therefore might be too distant to donate or accept an H + from the zincbound solvent (10) . However, H + transfer in CAIII can be restored in vitro by addition of 4-MI (11) .
Lactate transport into and out of cells plays an important role in the redistribution of energy-rich compounds within cells and tissues (12) and is mediated mainly by different isoforms of the monocarboxylate transporter family (MCT; solute carrier family 16) (13). MCT isoforms 1-4 have been shown to transport monocarboxylates such as lactate and pyruvate together with H + in an electroneutral transport mode of 1:1 with different substrate affinities. MCT1 is the ubiquitous isoform with a K m value of 3-5 mM for L-lactate (14, 15) , whereas MCT4 is a low-affinity, highcapacity carrier with a K m value of 20-35 mM (16) and is found primarily in glycolytic tissues (17) . We have shown previously that CAII, but not CAI, enhances lactate transport via the electroneutral MCT1 (18, 19) and MCT4 (20) when coexpressed in Xenopus oocytes. Our analysis revealed that accumulation or depletion of H + at the mouth of the transporter, which would lead to a decrease of transport, is counteracted by CAII via a noncatalytic mechanism (19) . We therefore hypothesized that an H + shuttling mechanism in CAII may remove or provide H + (dependent on MCT transport direction) in an H + microdomain near the transport site to prevent the dissipation of the H + gradient. In the present study we tested several CAII mutants at various positions within the active site that previously had been identified as having important roles in H + shuttling to evaluate their effect on lactate transport via MCT1/4. Our results show that the intramolecular H + shuttling site His64 is an essential residue necessary for the functional interaction of CAII with MCT1/4 leading to an increased lactate transport activity. Fig. 2A) , upon addition and removal of lactate and 5% CO 2 /10 mM HCO 3 − from which MCT transport activity and CA catalytic activity, respectively, were analyzed. Only CAII-WT significantly increased the rate of lactate-induced acidification indicative of lactate transport via MCT1 (Fig. 2B ) and MCT4 (Fig. 2D) ; the mutant CAII-H64A and CAIII-WT did not change the rate of acidification compared with that obtained with expression of MCT1/4 alone. The absolute values for the rates of alkalinization and acidification on removal and addition of lactate, respectively, were similar (Fig. 2E) .
Results

Intramolecular
The expression of both CAIII-WT and CAII-H64A resulted in a fourfold increase in the rate of acidification upon application of CO 2 /HCO 3 − as compared with MCT1-expressing oocytes, indicating significant but lower catalytic activity for CAIII-WT and CAII-H64A than for CAII-WT, which showed an eightfold increase in the rate of acidification (Fig. 2C) . Except for CAIII-WT, which is known to be much less sensitive to sulfonamides (21) , CA activity could be inhibited completely with 10 μM ethoxyzolamide (EZA). Quantification of CA protein was carried out by quantitative Western blotting, as shown in Fig. S1 : The data indicate an expression level of CAII-H64A that is 88.7 ±20.5% of that of CAII-WT ( Fig. S1 A and B) . By measuring CA catalytic activity in Xenopus oocytes using mass spectrometry, we have previously determined a protein amount of 54.3 ± 1.1 ng CAII-WT/oocyte (19) . From this measurement, an amount of ∼50 ng CAII-H64A per oocyte can be estimated. For expressed CAIII, an amount of 65.4 ±14.1 ng protein per oocyte (nine samples from three batches of oocytes) was determined by quantitative Western blotting using a protein standard (Fig. S1C ). These data show that Xenopus oocytes express roughly the same amount of CAII-WT, CAII-H64A, and CAIII, when injected with equal amounts of cRNA.
Intramolecular Water Wire in CAII Is Not Involved in Augmentation of MCT Transport Activity. To check whether fine tuning of His64 by the residues Tyr7, Asn62, and Asn67 has an effect on the interaction between MCT1/4 and CAII, we tested the CAII mutants CAII-Y7F, CAII-N62L, and CAII-N67L, in which the hydrophilic residues are exchanged for residues of approximately equivalent size with hydrophobic characteristics, and coexpressed them with MCT1 and MCT4. The results were the same for MCT1 (Fig. 3A) (1, 11, 22) . To check whether chemical rescue of the H + shuttle in CAII-H64A also can restore the interaction between this mutant and MCT1, we injected 4-MI, carnosine, or water as control, into oocytes coexpressing MCT1+CAII-H64A (Fig. 4) . Oocytes expressing MCT1 alone and MCT1+CAII-WT, respectively, were used as control. The effective free volume of an oocyte is around Because both 4-MI and carnosine act as mobile H + buffers, it is very likely that these compounds increase the cytosolic H + buffer capacity. Therefore, we determined the influence of injected 4-MI and carnosine on the oocyte intrinsic buffer capacity (β i ) with a CO 2 pulse (Fig. 4C) . In all three cell types, injection of 4-MI and carnosine resulted in an increase in β i (12-20% for 4-MI and 24-36% for carnosine). With the buffer capacity known, the net H + flux (J H ) via MCT1 can be calculated from the rate of change in intracellular pH during application of 3 and 10 mM lactate (Fig. 4D) . J H was the same in MCT1+CAII-WT-coexpressing oocytes injected with either 4-MI, carnosine or H 2 O, indicating that the slight reduction in Δ[H + ] i /Δt detected in the presence of 4-MI and carnosine is caused by an increase in buffer capacity by 4-MI and carnosine, which bind some protons transported into the cell via MCT1, and is not caused by a reduction in MCT1 transport activity. In oocytes coexpressing MCT1+CAII-H64A, injection of 4-MI and also carnosine induced a significant increase in J H , whereas injection of these compounds into oocytes expressing MCT1 alone had no significant effect on transport activity. Nevertheless, J H still was significantly lower in MCT1+CAII-H64A-coexpressing oocytes injected with 10 mM carnosine than in oocytes injected with 10 mM 4-MI (P ≤ 0.05; Fig. 4D and Fig. S3D ). These data indicate that 4-MI, and to a lesser extent carnosine, can restore the interaction between MCT1 and CAII-H64A, presumably by rescuing the intramolecular H + shuttle of CA. Application of 5% CO 2 /10 mM HCO 3 − induced an intracellular acidification, the rate of which was increased significantly in oocytes coexpressing MCT1 with CAII-WT and CAII-H64A, respectively, compared with cells expressing MCT1 alone ( (Fig. S3) . The injection of 10 mM of 4-MI increased both the rate of change in lactate-induced acidification and H + flux to an extent similar to the increase seen with the injection of 30 mM 4-MI (Fig. 4 A and D, and Fig S3 A and D) . Although injection of 10 mM 4-MI also induced a significant increase in the rate of change in CO 2 -induced acidification (Fig. S3B) , no significant increase in intrinsic buffer capacity could be detected (Fig. S3C ). These findings demonstrate that the rescue of the increase in MCT activity is not caused by a 4-MI-mediated increase in buffer capacity but seems to depend on a direct interaction between 4-MI and CAII-H64A.
Interaction Between MCT1 and CAIII Is Not Rescued by 4-MI. Because CAIII, which did not facilitate lactate transport via MCT1 and MCT4, lacks an H + shuttling site at Lys64, we wanted to check whether restoring the H + shuttle in CAIII might establish facilitation of lactate transport via MCT. We therefore coexpressed MCT1 with CAIII-K64H. Because we could show that 4-MI was able to restore H + shuttling in CAII-H64A, we also injected 4-MI into oocytes coexpressing MCT1 with either CAIII-WT or CAIII-K64H to test whether 4-MI also could restore interaction between CAIII and MCT1. However ( Fig. 5A ) and J H (Fig. S4B) . Furthermore, catalytic activity of CAIII was not increased further either by replacing Lys64 with His or by injection of 4-MI (Fig. 5B) . As in the MCT1+CAII-coexpressing oocytes, injection of 4-MI resulted in a slight but nonsignificant increase in the oocyte buffering power (Fig. S4A) .
Discussion
We have shown previously that CAII can increase transport activity of MCT1 and MCT4 heterologously expressed in Xenopus oocytes (18, 20) . The CAII-induced increase in transport activity is independent of the catalytic function of the enzyme but seems to be facilitated by dissipation of local H + microdomains around the pore of the transporter via CAII acting as an "H + -collecting antenna" (19) . To explore the molecular properties of CAII that mediate the capturing of H + from the transporter pore, we coexpressed MCT1 and MCT4, respectively, with different mutants of CAII that show alterations within their intramolecular proton pathway. Our results suggest that CAII when directly bound to MCT1/4 removes (or donates) H + from (or to) the transporter pore by facilitating an alternative H + pathway with His64 as the crucial residue. Thereby CAII would suppress the formation of local H + microdomains and increase the transport rate of MCT.
Role of CAII's Intramolecular H + Shuttle for Catalytic Activity. Proton transfer in CAII is mediated by the imidazole ring in His64, and replacement of His64 by alanine leads to a significant loss of CAII enzymatic activity in vitro in the absence of exogenous buffers (1) . However, addition of certain buffers such as carnosine, imidazole, and methylimidazole can restore catalytic function in vitro (1, 22, 24) . We now have analyzed catalytic activity of CAII-H64A in an intact cell. The mutant showed 50-60% of the CAII-WT-associated rate of CO 2 -induced acidification, indicating robust catalytic activity within the oocyte. This activity suggests that H + transfer in CAII-H64A can be partly restored in the intact oocyte. Catalytic activity of CAII-H64A could be enhanced even further (to up to 90% of CAII-WT activity) by injection of the H + donor 4-MI. These findings indicate that the rescue of CAII-H64A is not simply the result of an increase in the buffering power of the surrounding solvent, because carnosine, which produces a significant increase in the oocyte buffer capacity, has no effect on the rate of CO 2 -induced acidification in CAII-H64A-coexpressing oocytes. Rather, the rescue seems to depend on direct interaction between the enzyme and the H + donor/acceptor that helps to shuttle H + between the enzyme's catalytic center and the surrounding solvent. However, because injection of carnosine increases β i , a decrease of Δ[H + ] i /Δt during application of CO 2 would be expected (as seen for CAII-WT), unless CA activity also is increased. Therefore, the same Δ[H + ] i /Δt in MCT1+CAII-H64A-coexpressing oocytes with and without injected carnosine indicates a carnosine-induced increase in CAII-H64A catalytic activity that is masked by an increased β i .
Interestingly, CAII-H64A and CAIII, which are expressed in the same amount in oocytes, also display the same rate of CO 2 -induced acidification, indicative of catalytic activity. CAIII, which is the dominant isoform in skeletal muscle (25) , has been found to show only very low catalytic activity in vitro (0.2-0.5% of CAII) (26, 27, 28) , raising questions about its function within the cell. However, this study revealed that CAIII can display notable catalytic activity when expressed in an intact cell. It is not known which mechanism leads to this increase in the rate of CO 2 -induced acidification. However, because the low catalytic activity of CAIII in vitro also is attributed to the missing H + shuttle at position 64 (8, 9) , it could be speculated that catalytic activity of CAIII might be restored by endogenous H + donors/ acceptors within intact oocytes. It has been shown previously that such H + donor/acceptors (e.g., carnosine) are present in high concentrations in the skeletal muscle (29, 30) . Therefore, it might be possible that catalytic activity of CAIII can be rescued by such endogenous buffer molecules in the muscle, giving rise to the possibility that CAIII might play an important role in acid/ base regulation in this tissue. It has been shown in vitro that the addition of small-molecule buffers, especially imidazole and 4-MI, can rescue CAIII catalytic activity (11, 31) . However, the changes in CAIII activity were relatively small compared with the activity of CAII. Therefore, it is questionable if the high buffer concentration in the oocytes alone is responsible for the increase in CAIII catalytic activity. Hence, a possible rescue of CAIII in skeletal muscle remains speculative and requires further investigation.
Role of CAII's Intramolecular H + Shuttle for MCT Transport Activity.
Although CAII-WT induced a twofold increase in transport activity of MCT1 and MCT4, CAII-H64A had no effect on MCT transport activity. These data indicate that the side chain of His64, which mediates the exchange of H + between the catalytic pocket of CAII and the surrounding bulk solution, is essential for the CAII-mediated increase in MCT activity. Because His64 captures H + from the surrounding bulk solution, it might be plausible that CAII, when positioned in close proximity to the MCT, captures H + directly from the transporter pore, thereby promoting the dissipation of local H + microdomains around the MCT and increasing inwardly directed transport activity. During efflux, His64 could donate H + to the transporter, thereby preventing local H + depletion and hence increasing the transport rate in the outward direction. Even though His64 plays a central role in the CAII-mediated increase in MCT activity, it can be replaced by the exogenous H + donors/acceptors 4-MI and carnosine, because injection of these compounds into MCT1+CAII-H64A-coexpressing oocytes leads to a significant increase in MCT transport activity. As discussed above, 4-MI and carnosine can increase the catalytic activity of CAII-H64A further, in addition to the partial activation in the intact oocyte. The finding that lactate-induced H + flux in MCT1+CAII-H64A-coexpressing oocytes is increased by 4-MI and carnosine but is not altered by CAII-H64A when no additional buffers are injected suggests that two different H + pathways are involved in the rescue of CAII catalytic activity and in the enhancement of MCT1 transport activity.
The H + transfer between bulk solution and the active site of CAII is mediated via His64 and the network of intervening water molecules in the active-site cavity, which are stabilized by several hydrophilic residues (7). To investigate the role of this H + pathway for the CAII-mediated increase in MCT activity, we coexpressed MCT1/4 with three single-site mutants of CAII that show alterations in this intramolecular H + pathway. Replacement of Tyr7 with the hydrophobic amino acid Phe (CAII-Y7F) induces an appreciable inward orientation of His64, a change in pK a of His64 from 7.2 to 6.0, and an unbranched chain of water molecules linking His64 with the active-site zinc. These changes result in an eightfold increase in H + transfer in A B dehydration direction in vitro (7) . Substitution of Asn62 with Leu (CAII-N62L) also moves His64 entirely into the inward position but leaves the water wire almost unchanged from CAII-WT. In contrast, a change of Asn67 to Leu (CAII-N67L) forces His64 into the outward orientation accompanied by an increase in pK a of His64 to 7.5 and disruption of the active-site water network, which was found to lead to a considerable decrease in the rate constant for H + transfer in CAII-N67L compared with CAII-WT in vitro (7) . Nevertheless, our findings show that all three mutants increased transport activity of MCT1/4 to the same extent as CAII-WT, indicating that neither the flexible orientation of the imidazole ring in His64 nor the intramolecular water network in CAII is required for the CAII-mediated increase in MCT transport activity. Furthermore, we could find neither increased catalytic activity of CAII-Y7F nor reduced activity of CAII-N67L in the intact oocyte, as would be suggested by the in vitro experiments. Nevertheless, as already shown for CAII-H64A, CAII mutants with an altered H + shuttle can show different activities in vivo than in vitro. Therefore, it can be assumed that, in the intact cell, changes in the H + shuttle of CAII can be overcome, presumably mediated by endogenous buffer molecules, leading to unchanged apparent catalytic activity of these mutants as indicated by the kinetics of the CO 2 -induced acidification.
Together with the data showing the chemical rescue of H + transfer, our findings using the CAII mutants suggest that CAII might facilitate an alternative H + pathway with His64 as a central part, but without the water network in the active-site cavity, to shuttle H + from or to the transporter pore. These findings suggest that H + shuttling in CAII not only plays a crucial role in the catalytic activity of the enzyme but also might enable CAII to exchange H + directly with other proteins. Thereby CAII could enhance the activity of proton-coupled membrane transporters such as MCT1 and MCT4 by directly delivering (or removing) H + to the transporter, thereby preventing local depletion (or accumulation) of H + at the transporter pore. The exchange of H + by CA independent of its catalytic activity would be evidence for a noncatalytic function of CAII. It has been shown previously that protonatable residues that are up to 1-1.5 nm apart from each other can form proton-attractive domains and can share the proton at a very fast rate, exceeding the upper limit of diffusioncontrolled reactions (32) . When these residues are located in proteins or lipid head groups at the plasma membrane, they can collect protons from the solution and "funnel" them to the entrance of a proton-transfer pathway of a membrane-anchored protein, a phenomenon termed an "H + -collecting antenna" (33, 34) . It has been proposed that H + cotransporters such as MCT1, whose substrate is available only at very low concentrations, would extract molecules from the cytosol at rates well above the capacity for simple diffusion to replenish their immediate vicinity. Therefore, the transporter must exchange H + with protonatable sites present in membrane proteins and lipids at the plasma membrane, which need to be located in sufficient proximity to act as an "H + -collecting antenna" for the transporter (35) .Such an H + transfer between MCT1 and CAII could be mediated by electrostatic repulsion caused by overlapping Coulomb cages of the involved residues; this effect would require a distance of <1 nm between the H + binding sites of the two proteins (35) . Based on the available structural models of MCT1 and CAII, two mechanisms by which CAII could be located close to the transporter appear to be plausible. Wilson et al. (36, 37) proposed a structural model of the MCT1, based on the Escherichia coli glycerol-3-phosphate transporter and the lactose permease, with surface-accessible, and therefore most likely flexible, intracellular N and C termini. The current structural model would permit CAII (∼40 Å in diameter) to diffuse close enough to the MCT1 to bring the CAII-His64 residue within close proximity of the transporter pore so that it could collect H + from there. Alternatively, CAII may bind directly to the C terminus of the MCT1, as suggested for the binding between CAII and the chloride/bicarbonate exchanger AE1 (38) , with the active site of CAII positioned toward the pore of the transporter. However, a mechanistic scheme for this interaction would be speculative at this point, because there is no direct structural evidence for either model.
To exchange protons efficiently between MCT1 and surrounding protonatable groups at the plasma membrane, CAII needs a high density of H + -buffering residues close to His64. Indeed, CAII has a cluster of five His residues (His-3, -4, -10, -15, and -17) in its N terminus, and we have shown previously that mutation of this cluster abolishes the CAII-induced augmentation in MCT1 transport activity (19) . Furthermore, we have shown that protons focally applied to MCT1-expressing oocytes moved faster along the plasma membrane when CAII was injected, suggesting that CAII could allocate H + along the plasma membrane and thereby increase the area in which H + can be released from the membrane into the bulk solution (19) . By this mechanism, CAII could collect protons from the mouth of the transporter and distribute them along the membrane, resulting in an increased apparent H + buffer capacity in microdomains. Thus, CAII, possibly in cooperation with other proteins and lipids in the plasma membrane, could act as an "H + -collecting antenna" for the MCT1.
Because CAIII, which lacks an intramolecular H + shuttle, did not interact with MCT1 and MCT4, we wanted to check if restoration of the H + shuttle in CAIII also could facilitate transport activity of MCT1. However, neither restoring the H + shuttle by mutation of Lys64 to His (CAIII-K64H) nor injection of 4-MI enabled CAIII to increase MCT1 transport activity. We have shown previously that interaction between MCT1 and CAII also requires a histidine-rich cluster within the N terminus of CAII, possibly mediating direct binding between the two proteins (19) . Because CAIII lacks this cluster, it is likely that CAIII could not interact with MCT1, even when the H + shuttle is restored, because of a lack of binding between the two proteins.
It has been shown previously that CAII enhances the activity of various acid/base transporters such as the chloride/bicarbonate exchanger AE1 (38, 39) , the sodium bicarbonate cotransporter NBCe1 (40, 41) , and the sodium/hydrogen exchanger NHE1 (42) , an interaction known as "transport metabolon." In contrast to the interaction with MCT1/4, CAII catalytic activity is required for augmentation of these transporters. These findings suggest that CAII can support the transport of ions and metabolites by both catalytic and noncatalytic interaction in different membrane carriers.
Materials and Methods
Constructs, Oocytes, and Injection of cRNA. The human CAII cDNA (CAII-WT) was kindly provided by Reinhart Reithmeier (Department of Biochemistry, University of Toronto, Toronto, Canada) (43) . Human CAII-WT, CAII-H64A, CAII-Y7F, CAII-N62L, CAII-N67L, CAIII-WT, and CAIII-K64H were subcloned into the oocyte expression vector pGEM-He-Juel. cDNA, coding for MCT1 and MCT4, cloned in pGEM-He-Juel was kindly provided by Stefan Bröer (Research School of Biology, The Australian National University, Canberra, Australia) (14) . Plasmid DNA was transcribed in vitro with T7 RNA-polymerase (mMessage mMachine; Ambion Inc.) as described previously (44) . Xenopus laevis females were purchased from Xenopus Express. Segments of ovarian lobules were removed surgically under sterile conditions from frogs anesthetized with 1 g/L of 3-amino-benzoic acid ethyl ester (MS-222; Sigma-Aldrich) and rendered hypothermic. The procedure was approved by the Landesuntersuchungsamt Rheinland-Pfalz, Koblenz, Germany (23 177-07/A07-2-003 §6). Singularized stage V and VI Xenopus oocytes were injected with 5 ng of cRNA coding for MCT1 or MCT4 dissolved in diethylpyrocarbonate (DEPC)-H 2 O. For coexpression of CA, 12 ng cRNA coding for CAII-WT, CAIII-WT or for a mutant of CAII or CAIII were injected together with the MCT cRNA. Measurements were carried out 3-6 d after injection of cRNA. 4-MI and carnosine, dissolved in DEPC-H 2 O, were injected on the day the experiments were carried out. The oocyte saline had the following composition (in mM): 82.5 NaCl; 2.5 KCl; 1 CaCl 2 ; 1 MgCl 2 ; 1 Na 2 HPO 4 ; 5 Hepes titrated with NaOH to the desired pH. In lactate-containing saline, NaCl was replaced by an equivalent amount of Na-l-lactate. In the bicarbonate-containing saline, NaCl was replaced by an equivalent amount of NaHCO 3 , and the solution was aerated with 5% CO 2 . Application of lactate was carried out in Hepes-buffered
